A vertical flow constructed wetland was combined with a biological aerated filter to develop an ecological filter, and to obtain the optimal operating parameters: The hydraulic loading was 1.55 m 3 /(m 2 ·d), carbon-nitrogen ratio was 10, and gas-water ratio was 6. The experimental results demonstrated considerable removal efficiency of chemical oxygen demand (COD), ammonia nitrogen
INTRODUCTION
Decentralized domestic wastewaters change greatly in quality, quantity, and spatial distribution. They are poorly collected and directly discharged frequently, in most cases beyond the coverage of major municipal wastewater-treatment systems (Wu et al. a, b) . However, decentralized wastewatertreatment technology takes small area, saves network maintenance and construction cost, has less impact on the environment, can be adjusted to local conditions easily, and is flexible to operate. It has become an economic, and environment-friendly new wastewater-treatment technology (Singh et al. ) . It has proved to be a much better choice as it avoids plumbing works for water collection, which makes it especially suitable for mountainous cities and towns.
The Johkasou system (Nakagawa et al. ) , membrane bioreactors (Meuler et al. ) , and constructed wetlands (CWs) (Zhang et al. ) are conventional decentralized wastewater-treatment technologies. However, there are challenges to be faced with conventional treatment techniques; for example, the efficiency of nitrogen and phosphorus removal is generally low; management and maintenance are difficult (especially for membranes); some micro-pollutants are removed difficultly, and it difficult to meet the ecological and environmental requirements. In recent years, many researchers have developed novel bio-catalytic wastewatertreatment technologies through improving traditional crafts. Compared with the conventional treatment technologies, the new technologies can solve a lot of problems effectively. Improved Johkasou has a low operating cost and simple management procedure, and especially the total nitrogen (TN) removal efficiency has been improved (Li et al. ) . The tower angleworm bio-filter increases the biological diversity, and is effective in wastewater treatment; the results meet the requirements for ecological and environmental protection at the same time (Nie et al. ) . In addition, Corvini and Shahgaldian used laccase-nanoparticle conjugates for the elimination of micro-pollutants (endocrine disrupting chemicals) (Corvini & Shahgaldian ) . Hou used hybrid membrane with a TiO 2 based bio-catalytic nanoparticle suspension system for the degradation of bisphenol-A (Hou et al. ) . However, the removal of nitrogen and phosphorus is always a problem, which has not been addressed effectively.
CWs technology is regarded as a promising technology for in situ treatment of decentralized domestic wastewaters. In particular, vertical flow constructed wetlands (VFCWs) technology appears to be a preferred mode because of its less land occupation, low cost, effective purification, and the ecological aesthetic value (Zhang et al. ) , but the removal rates of nitrogen and phosphorus are usually low and not satisfactory. Nitrification and denitrification are widely acknowledged as the main pathways for biological nitrogen removal in VFCWs. However, they need both aerobic and anaerobic conditions, which can hardly be achieved simultaneously. Dissolved oxygen (DO) is usually considered a limiting factor for nitrification in a VFCW (Wang & Wu ) , but the biological aerated filter (BAF) possesses the advantage of high oxygen supply. BAF is beneficial to the removal of nitrogen and achieves complete nitrification.
The authors learned from the technologies of VFCW and BAF water treatment systems, organically combined them together, and developed a decentralized wastewatertreatment technology which is suitable for mountainous townsan ecological filter.
The ecological filter ( (Figure 1(a) ).
MATERIALS AND METHODS

Materials
Wastewater was generated under the best working conditions, and artificial water was used to simulate domestic wastewater. The OECD standard (GB/T 21795-2008; SAC ) was followed to make artificial water. Artificial wastewater composed of 94, 188 or 282 mg/L glucose; 33, 65 or 129 mg/L nitrogen (urea and sodium nitrate); 8 mg/L KH 2 PO 4 ; 7 mg/L NaCl; 10 mg/L CaCl 2 ·2H 2 O; 2 mg/L MgSO 4 ·7H 2 O and 10 mg/L FeSO 4 was used in this study. The wastewater under the best working situation of the ecological filter system runtime came from the diluted domestic wastewater of a university student dormitory. Water quality conditions are shown in Table 1 .
Methods DO, pH, and temperature were determined by a Hach portable water quality analyzer (HQd series) at site. For conventional index determination, we used the standard method in Water and Wastewater Monitoring Analysis Methods (EPA of China ). Chemical oxygen demand (COD) was determined by the potassium dichromate method; ammonia nitrogen (NH 4 þ -N) by the Nessler's reagent spectrophotometry method; TN by the potassium persulfate oxidation-ultraviolet spectrophotometry, and total phosphorus (TP) by the potassium persulfate digestion-colorimetric method. 
Test design
The first stage was startup of the ecological filter system. During the startup time, the qualities of influent and effluent were monitored every once in a while. When plants survived and grew in a good condition and water quality was stable, the system startup was completed. The system startup lasted 72 days from 20 March to 30 May 2014. The second stage was to determine the optimum working condition from 5 June to 30 August 2014. The pollutant removal effects of the ecological filter system were investigated under the conditions of different hydraulic loading, carbon-nitrogen ratio (C/N), and gas-water ratio (G/W) to determine the optimum running condition of the ecological filter system. The method was as follows:
(1) In preparing wastewater, C/N was 10:1, and G/W was 2:1. The hydraulic loading was adjusted to 0.67, 1.11, 1.55, 2.00, 2.66, and 4.44 m 3 /(m 2 ·d). According to the test results, the optimum hydraulic load was 1.55 m 3 /(m 2 ·d).
(2) Influent hydraulic loading was adjusted to 1.55 m 3 /(m 2 ·d), and G/W was 2:1. Wastewater was prepared with C/N ¼ 5, C/N ¼ 10, and C/N ¼ 20 as influent for the system. According to test results, the optimum C/N for influent was 10. (3) Water hydraulic loading was kept at 1.55 m 3 /(m 2 ·d).
Wastewater was prepared with C/N of 10. G/W was adjusted to 0, 2, 4, 6, 8, 10, and 12. According to the test results, the optimum influent G/W was 6.
At the third stage, the ecological filter system ran under the hydraulic load of 1.55 m 3 /(m 2 ·d), the influent G/W was 6, the C/N for influent was 10. Its removal efficiency and removal mechanism of pollutants in water were investigated. Two groups of filters were set in parallel. The plant Cyperus alternifolius was used in one group, whereas different kinds of plants were used in another group as comparison. After the reactor ran stably, the COD, NH 4 þ -N, TN, and TP concentrations in influent and effluent were continuously monitored. Through 20 repeated trials, the purifying efficiency of ecological filter and the contribution rate of plants in the pollutant removal were analyzed in the system. Through the changes in the water quality index, we analyzed the pollutant removal mechanism of the ecological filter.
RESULTS AND DISCUSSION
COD removal
The influent COD concentration fluctuated widely between 88.17 and 273.78 mg/L (Figure 2(a) ). The effluent COD concentration was maintained below 50.00 mg/L with an average of 26.02 mg/L. The average removal rate was approximately 83.79%, and sometimes the removal could reach the highest value of 97.80%. Compared with the single BAF (Zhuang et al. ) or VFCW (Zurita et al. ), the ecological filter system could remove organic pollutants more efficiently and has stronger capability to resist impact load.
The average COD removal rate of the ecological filter (83.79%) was 13.03 percentage points higher than the filter of the non-plant group (70.76%), which indicated that the plant plays an important role on organic matter removal in the ecological filter system.
Nitrogen removal
The NH 4 þ -N concentration fluctuated widely between 8.90
and 27.53 mg/L (Figure 2(b) ). The effluent NH 4 þ -N concentration was relatively stable; it was maintained below 4.00 mg/L with an average of 1.22 mg/L. The average removal rate was 93.10%. The effluent NH 4 þ -N concentration met the grade A emission standard of GB18918-2002, which indicated that the removal of ammonia nitrogen by the ecological filter was satisfactory. The influent TN concentration fluctuated widely between 13.01 and 27.54 mg/L (Figure 2(c) ). Effluent TN concentration mostly remained below 10.00 mg/L with an average of 8.62 mg/L. The average removal rate was 52.90%. For most of the non-plant group, effluent TN concentration was above 10.00 mg/L with an average 
Phosphorus removal
The influent TP concentration was between 2.53 and 13.81 mg/L (Figure 2(d) ). The effluent TP concentration fluctuated slightly; it was between 0.31 and 3.28 mg/L with an average of 1.27 mg/L. The average removal rate was 79.07%. The effluent TP concentration of the filter of the non-plant group ranged from 0.39 mg/L to 4.71 mg/L. The average concentration was 1.47 mg/L; average removal rate was 76.75%. The average removal rate of the TP (79.07%) in the ecological filter was only 2.32 percentage points higher than that in the non-plant filter (76.75%), which indicated that TP removal in wastewater relies mainly on the physical and chemical effects of the filler. Only a small proportion of TP was absorbed by plants. This result was consistent with the results of the research on an artificial wetland phosphorus removal system (Cooper ; Sakadevan & Bavor ).
ANALYSIS OF THE POLLUTANT REMOVAL MECHANISM OF ECOLOGICAL FILTER
Based on the analysis of the changes in DO, pH, COD, TN, NH 4 þ -N, nitrate nitrogen (NO 3 À -N), nitrite nitrogen (NO 2 2À -N), and TP, we analyzed the removal mechanism for each pollutant index. Figure 1(b) shows the positions and serial numbers of sampling places. 
DO and pH changes
Changes in DO and pH are shown in Figure 3 . O 2 mainly comes from the microporous aeration in the ecological filter system, and O 2 secretion by plant roots also produces some oxygen (Jaynes & Carpenter ; Fennessy et al. ).
From influent positions S in to S 1 , DO concentration increased from 4.20 mg/L to 8.74 mg/L. and then it gradually decreased. At S 6 position, DO concentration began to rebound. Effluent DO concentration was 2.47 mg/L. Position S 1 was near the plant roots of the down-flow filter.
Owing to the drop water and O 2 secretion by plant roots, DO increased from 4.20 mg/L at S in to 8.74 mg/L at S 1 in influent. The organic degradation, ammonia nitrogen nitrification, and biological respiration consumed a large amount of oxygen, and this caused the gradual decrease in DO in water. From position S 6 , the concentration of DO rebounded. DO was increased from 1.67 mg/L at position S 6 to 2.47 mg/L at position S out . S 6 was near the plant roots in the up-flow filter, the O 2 secretion of plant roots helped gradually increase the amount of DO from 1.67 mg/L at S 6 to 2.47 mg/L at S out . Therefore, the ecological filter system was an aerobicanaerobic-aerobic alternating environment. pH gradually decreased from S in to S 5 in influent and rebounded from S 5 to S out in effluent. Nitrification reaction consumed alkalinity. For nitration reaction, oxidization of 1 mg of ammonia nitrogen into nitrate took 7.1 mg of alkalinity. By contrast, denitrification reaction produced alkalinity. For denitrification reaction, transformation of 1 mg of nitrate could produce 3.57 mg of basicity (Villaverde et al. ) . DO level was high in the down-flow filter. The main reaction was nitration, and ammonia nitrogen content was high in the wastewater. Consequently, alkalinity consumed was high in the down-flow filter, which caused a decline in pH. Considering that the up-flow filter was anoxic, it was the main area of denitrification reaction, and the alkalinity produced in denitrification reaction made the pH rebound. Overall, pH remained mostly above 7.4 in the ecological filter system, and it was conducive for microbes to degrade pollutants.
COD changes
COD concentration changes are shown in Figure 4(a) . As shown in the figure, COD removal rate was 69.86% in the down-flow filter, accounting for 83.88% of the total removal rate of the ecological filter, whereas COD removal rate of the up-flow filter was only 13.43%. Therefore, removal of COD mainly happened in the down-flow filter. COD removal rate of S in -S 1 segment (42.81%) was the highest in the down-flow filter. Such a degradation law was mainly related to the better oxygen-filling capability on the ecological filter system surface. Cyperus alternifolius planted in the down-flow filter of the ecological filter also caused this difference. Through the absorption of the biological membrane and the secretory substance of roots, plants changed the microenvironment of the ecological filter and promoted oxidative decomposition of organic pollutants (Brix ) .
Compared with Figure 3, Figure 4 (a) showed that the down-flow filter of the ecological filter system was an aerobic environment. This type of environment was suitable for the mass rapid propagation of aerobic heterotrophic bacteria. Owing to contact flocculation and bio-oxidation of the surface bio-membrane of substrate, the degradation rate of COD was high. The up-flow filter was an anoxic environment, and COD degradation mainly relied on mechanical interception of contamination particles in wastewater by the filler. Therefore, the improvement of DO level was important for the removal of organic matter in the ecological filter system. Removal of organic pollutants mainly depended on the life activity of aerobic and anaerobic microbes in the reactor (Vymazal ) . The developed plant roots extending in the matrix provided good habitats for microbes, transported oxygen to the matrix for metabolism of microorganisms, improved their life activity, and thereby promoted degradation of organic pollutants in wastewater (Gikas & Tsihrintzis ) .
Nitrogen changes
The changes of different nitrogen forms are shown in Figure 4(b) . As shown in the figure, concentrations of rebounded. This result may be because the organic nitrogen was intercepted in the down-flow filter, and it accumulated in this area along with flow.
Therefore, nitrogen removal mainly shows in the following ways in the ecological filter system: organic nitrogen and particle nitrogen in wastewater were absorbed and intercepted by the matrix in the down-flow filter; then they were absorbed by the plants or decomposed and used by microorganisms; NH 4 þ -N was gradually removed by nitrification and denitrification reactions. Decomposition and release effects of organic nitrogen absorbed and accumulated by the matrix caused slight rebound of pollutant indexes in S 3 -S 4 . In addition, nitrification and denitrification reactions both existed in the ecological filter system. Nitration dominated in the down-flow filter, whereas denitrification reaction dominated in the up-flow filter.
Phosphorus changes
The changes of TP concentration are shown in Figure 4(c) . As shown in the figure, TP removal rate was 74.85% in the down-flow filter, accounting for 84.84% of total removal rate of the ecological filter system, and TP removal rate was only 13.38% in the up-flow filter. Three main ways of phosphorus removal were generally considered, namely, filler absorption, phytostabilization, and microbial assimilation (Reddy et al. ; Ugurlu & Salman ) . Given that the filler of the upper part of the down-flow filter consisted of ceramsite with a small particle size, and Cyperus alternifolius was planted, the roots of Cyperus alternifolius covered almost all of this part. This pattern can better filter, absorb, and intercept particulate pollutants. Water was distributed over the down-flow filter and then permeated downward, and most of the phosphorus was removed in the S in -S 3 section. the ecological filter system was 1.7 m high and deep enough to provide long hydraulic retention time and great absorption and interception capacity for phosphorus removal. The up-flow filter had an anoxic and anaerobic environment, and this condition was inefficient for phosphorus absorption by phosphorus-accumulating bacteria. Therefore, in S 4 -S out section, the reducing rate of TP concentration was low. Compared with Figure 2(d) , Figure 4 (c) indicates that in the ecological filter system, phosphorus removal relied mainly on filtration, absorption, and interception by the filler. The filler was mining gravel, calcium, and iron in the ecological filter system, which contains numerous minerals, and they contributed greatly to phosphorus removal.
CONCLUSIONS
(1) The ecological filter system had considerable removal effects of COD, NH 4 þ -N, TN, and TP in wastewater, and the average removal rates were 83.79%, 93.10%, 52.90%, and 79.07%, respectively. (2) According to the comparison of the non-plant group and ecological filter, average removal rates of COD, NH 4 þ -N, TN, and TP by the ecological filter increased by 13.03%, 25.30%, 14.80%, and 2.32%, respectively. The plant had a great contribution to organic pollutant and nitrogen removal, but it had a limited capability to remove phosphorus.
(3) The aeration and O 2 secretion of roots greatly increased DO in the ecological filter system. An aerobic-anaerobic-aerobic alternating environment was formed in the ecological filter system, and effective removal of organic pollutants, nitrogen, and phosphorus was achieved. Removal of organic pollutant mainly relied on life activity of the aerobic and anaerobic microbes in the reactor.
Especially, the improvement of DO levels played an important role. Nitrogen removal resulted from plant absorption, microbial assimilation, nitrification, and denitrification together with decomposition and release of organic nitrogen absorbed and accumulated by the matrix. Removal of phosphorus relied mainly on filtration, adsorption, and interception by the filler.
